ABSTRACT Stopped-flow cryoenzymology has been used to study the reaction of porcine kidney cytosol leucine aminopeptidase [a-aminoacyl-peptide hydrolase(cytosol), EC 3.4.11.1] with L-leucylglycyldansyl hydrazide in 50% (vol/vol) methanol buffer over the -40 to 23°C temperature range. Resonance energy transfer betwen tryptophan residues of the enzyme E and the dansyl group of the substrate S has been used to detect the formation and interconversion of reaction intermediates (E-S)'. Above 0C, a single intermediate E-S is formed and decays by first-order kinetics to products. However, at temperatures below -20TC, a new intermediate (E-S)' is observed immediately after mixing, which relaxes to E-S within 100 msec. Because the detection of this new intermediate would not have been possible at ambient temperatures, this illustrates the value of stopped-flow cryoenzymology for studies of catalytic pathways.
(EP) = E + P [1] In general, these may be either noncovalent or covalent intermediates: both are presented here by the symbol E-S. In order to formulate molecular mechanisms that account for the observed rate enhancements brought about in these reactions, it is highly desirable to be able to detect and identify as many of these intermediates as possible. Unfortunately, most intermediates are metastable and are present in low concentrations for short periods of time. This is especially true for reactions with the most specific substrates (3) . Thus, it is a challenging problem to detect and study such species, particularly those that precede the rate-determining step.
Two types of approaches to the study of E-S intermediates in irreversible reactions are currently in use. Stopped-flow mixing experiments at ambient temperatures have been used to examine species formed in the pre-steady-state regime (4) (5) (6) . Al- ternatively, cryoenzymological methods have been developed to carry out enzyme-catalyzed reactions at subzero temperatures in aqueous-organic solvents (3, (7) (8) (9) (10) . The lowering of the temperature reduces the rate constants for the elementary steps and enables the interconversion of certain intermediates to be detected. Both of these approaches have proven potential for studies of the catalytic pathway. In recent years, Douzou, Auld, and their associates (11) (12) (13) (14) (15) Substrate Synthesis. t-Butoxycarbonylleucylglycine (t-BocLeu-Gly) was prepared by reaction of di-t-butyl dicarbonate (360 mg, 1.65 mmol) with Leu-Gly (282 mg, 1.5 mmol) and NaHCO3 (138.6 mg, 1.65 mmol) dissolved in 20 ml of dimethoxyethane/water, 1:1 (vol/vol), for 1 hr. t-Boc-Leu-Gly succinimide ester was prepared by reaction of t-Boc-Leu-Gly (1 mmol) with N-hydroxysuccinimide (1.2 mmol) and dicyclohexylcarbodiimide (1.2 mmol) in dimethyoxyethane. The ester was isolated and allowed to react with 1.1 equivalents each of dansylhydrazine and NaHCO3 in 25 ml of dimethoxyethane/water, 2:3 (vol/vol). The solution was stirred in the dark at room temperature for 15 hr. The product, the t-Boc derivative of leucylglycyldansyl hydrazide (t-Boc-Leu-Gly-NHNH-Dns), was purified by chromatography over silica. The t-Boc group was removed by treatment with trifluoroacetic acid in methylene chloride.
Sample Preparation. All solutions of enzyme and substrate were prepared as described earlier (17) . The concentration of LAP hexamers and Leu-Gly-NHNH-Dns was determined spectrophotometrically by using e28 = 4.0 X 10i M-1 cm-1 and E3w = 4.5 X 103 M-1'cm-1, respectively. The apparent protonic activity in aqueous-organic solutions, pH*, was measured with a Coming glass electrode at either 1°C or 23°C as outlined by Fink and Geeves (10) .
Stopped-Flow Fluorescence Measurements. The stoppedflow experiments were carried out with an instrument described elsewhere (18) . Monochromatic light (290 nm) was produced with an Oriel 150-W xenon lamp and a Melles Griot interference filter and was focused through the observation cell of the low-temperature stopped-flow instrument. The intensity of fluorescence at 900 to the incident beam was detected with a Hamamatsu R 136 photomultiplier tube after passage through Abbreviations: LAP, leucine aminopeptidase; Leu-Gly, leucylglycine; t-Boc-Leu-Gly, t-butoxycarbonylleucylglycine; Leu-Gly-NHNH-Dns, leucylglycyldansyl hydrazide.
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an Oriel 420-nm long-pass cut-off filter. The signal was displayed and recorded on a DASAR (data acquisition, storage, and retrieval) system and photographed.
RESULTS AND DISCUSSION
Porcine kidney cytosol leucine aminopeptidase (LAP) is a hexameric metalloenzyme that hydrolyzes the NH2-terminal peptide bond of most residues from proteins and peptides (19, 20) . The enzyme contains one atom of Zn2+ per subunit located at the active site. In addition, each subunit has a regulatory metal binding site which is unoccupied in the native enzyme. The activity of the enzyme is raised or lowered when various divalent metal ions are bound at the regulatory site (16) . LAP species with Zn2+ at the active site and metal ion Me2+ at the regulatory site are denoted [(LAP)Zn6Me6], where (LAP) represents the hexameric apoenzyme.
We have shown (17) that LAP is uniquely suited to study by cryoenzymology. The structural and catalytic properties of LAP are not adversely affected by 50% (vol/vol) methanol/water, and the pathway of hydrolysis of synthetic substrates in this solvent at subzero temperatures appears to be the same as that in water at room temperature. The purpose of this study was to examine the pre-steady-state reaction of LAP with a peptide substrate in aqueous-methanol solutions at subzero temperatures by using a specially constructed stopped-flow instrument (18) capable of operating in the -50'C to 250C temperature range.
To visualize the ENS intermediates formed during this reaction, the resonance energy transfer technique developed by Auld and co-workers (21-23) was used. This technique uses F6rster energy transfer (24) (25) between tryptophan residues of the enzyme and a dansyl group of the substrate to detect the intermediates. Dansyl substrates have the convenient property that an absorption band (Am. = 320 nm) of the dansyl group overlaps the emission band (Ama, = 320 nm) of tryptophan residues of LAP. When a dansyl substrate is bound to the enzyme and tryptophan is excited near 290 nm, the close proximity of the two leads to efficient resonance energy transfer, which is manifested as dansyl fluorescence in the 515-540 nm region. Quantitatively, the degree of energy transfer is determined by the distance between, and relative orientation of, the tryptophan donor and dansyl acceptor (24) . Because the distance and orientation of these groups differ slightly in the individual intermediates, this system provides a sensitive method to both visualize and detect specific intermediates.
To carry out stopped-flow resonance energy transfer experiments with LAP, it is necessary to prepare a substrate containing a dansyl group. Because substrates for LAP must have an unblocked NH2-terminus, the dansyl group was bonded to the COOH terminus. Leu-Gly is an excellent substrate (17) and Leu-Gly-NHNH-Dns was synthesized for the resonance energy transfer studies. A similar approach has been used to visualize ENS complexes for Aeromonas aminopeptidase (26) . The absorption (Am.s = 318 nm) and emission (Ama. = 515 nm) spectra of this peptide have the requisite properties for the energy relay system. When viewed on a time scale long compared to the half-life for the reaction (Fig. 1A) , an almost vertical increase in dansyl flu- The rapid increase in the fluorescence signal after mixing is due to the combination of enzyme E and substrate S to form the intermediate E-S. The exponential decay in the fluorescence is due to the transformation of ENS into free E and products P. orescence due to formation of an intermediate to be referred to as ENS was observed immediately after mixing, followed by a slow exponential decay back to the starting signal as E-S was converted into free enzyme and products (designated P). A schematic representation of the trace from Fig. 1A is shown in Fig. 1B . The trace for this reaction is also shown on a shorter time scale (Fig. 1C) to visualize more clearly the initial formation of ENS, which actually occurs during the mixing time of the instrument and is not resolved. This behavior is described by the simple mechanism: E + S -± ES-E + P. [2] ENS is usually referred to as the Michaelis complex.
This respectively, at 0C. To understand these traces, recall that the magnitude of the fluorescence signal measured at the start of a trace (before mixing) is that of the material left in the observation cell from the previous mixing experiment. Because there is essentially no product formation in the time that elapses between sequential mixing experiments, the material in the cell is ENS. In traces A and D, E-S left over from the previous experiment is washed through the observation cell as fresh E and S enter. The slight decrease in fluorescence observed is due to light scattering during mixing. This was also observed during mixing experiments in which E or S was omitted and is probably caused by turbulence or a minute vibration of the instrument on actuation of the pneumatic drive. Because E and S combine to form E-S during mixing and E-S does not decay measurably, the starting value of fluorescence was restored, and no true relaxations were observed. Thus, these reactions are consistent with the simple mechanism of Eq. 2. As these same reactions were studied at progressively lower temperatures, a new relaxation became apparent. Traces for the reaction of Leu-Gly-NHNH-Dns with [(LAP)Zn6Mg6] at -40.00C and [(LAP)Zn6Cu6] at -35.00C (Fig. 2 B and E, respectively) show this new relaxation, which is due to the formation of a new intermediate, (E-S)', followed by its transformation into E-S. This explanation is confirmed by the dependence of the rate of these new relaxations on the substrate concentration (Van Wart and Lin, unpublished data). At temperatures above -20'C, this process is too fast to be resolved. Fig. 2 C and F are schematic illustrations of the traces in 2 B and E, respectively, which show the species present at each time. At the start of the reaction, E-S is present from the previous experiment. During mixing, fresh E and S combine to form (EMS)'. This process is complete during the mixing time of the instrument and is not resolved. The relaxations observed after mixing are due to the interconversion of (EMS)' and EMS. The first-order rate constants for the traces in Fig. 2 . This is evidence that there are conformational differences between intermediates in which the regulatory metal site is occupied by different ions. Finally, because the rate of conversion of E-S into products is negligible at this temperature, there is no appreciable decay of E-S observable in these traces. Thus, the pathway of catalysis for this reaction must be expanded to include (E.S)' as shown below: E + S=(E-S)'E-S-E + P. [3] These experiments demonstrate the potential of stopped-flow cryoenzymology for the detection of labile catalytic intermediates. For 
